Catalytic oxidative dehydrogenation is an important strategy for the conversion of alkanes to alkenes to provide useful chemical feedstocks from saturated hydrocarbons. Transition metal oxide catalysts based on vanadium provide an important class of catalysts for this reaction. The catalyst is usually prepared with vana-dium in a high oxidation state prepared as an over layer supported on a relatively inert main group oxide (silica, alumina, etc.). Activation of the hydrocarbon is then energetically possible through the reduction of vanadium cations which can be subsequently re-oxidised using molecular O2 to complete the catalytic cycle.
Introduction
Transition metal oxides are frequently used as heterogeneous cata-lysts for oxidation of hydrocarbons to produce a variety of products. Gas phase studies of metal oxide clusters and their reaction behaviour can help to understand the mechanism of elementary reactions in cat-alytic processes under isolated, controlled, and reproducible conditions [1] [2] [3] .
Vanadium oxide-based catalytic systems are known to be active and selective in many oxidative dehydrogenation (ODH) reactions [4] [5] [6] [7] [8] . Studies [9] (Zhanpeisov), [10] depending on the method of preparation, vanadium oxide-based cata-lysts possess phases that include isolated VO4 tetrahedral sites, com-prising one vanadyl bond (V = O), and other phases made up of the dimeric VeOeV species. The V = O bond has been proposed by many investigators to contain a critical oxygen involved in hydrocarbon oxidation reactions [11] [12] [13] [14] [15] . Pieck et al. [16] (Pieck, Banares, & Fierro) studied the ODH of propane on V2O5/ZrO2 catalysts and showed that monovanadates have both higher activities and better selectivities to propene than bulk V2O5 and polyvanadates. However, generally at high conversions of the alkane, nonselective combustion pathways limit the alkene selectivities, regardless of the good activity for the ODH of alkanes to their corresponding alkenes [17] [18] [19] . For example, it is well established that limited propene selectivity at higher propane conver-sions is related to propene adsorption on acid sites and their subsequent combustion to carbon oxides [20] (F. Arena), [21] (Y.-M. Liu). Much eff ort has been spent over the last decades to develop suitable vana-dium oxide-based catalysts for the oxidative dehydrogenation and se-lective oxidation of light hydrocarbons to valuable olefins and oxyge-nates [22] (E.A. Elkhalifa and H.B. Friedrich), [23] (F. Cavani), however, these processes are still far from industrial application. Earlier experimental studies indicate that the selective oxidation of propane on vanadium oxides proceeds via a Mars-van Krevelen [24] (Mars & Van Krevelen) (redox) mechanism that involves the reduction of the metal oxide surface by the alkane with the formation of the alkene and water, followed by reoxidation of the surface through gas-phase oxygen.
Reactions comprising isolated vanadate species with a variety of support materials including silica, titania and zirconia were previously modelled with a variety of computational methods [25] [26] [27] [28] . Reported work on Density Functional Theory (DFT) modelling of catalytic sys-tems and shorter chain hydrocarbons is extensive [29] [30] [31] , albeit that on long chain alkanes over vanadium oxide-based catalysts is limited. Although heterogeneous catalysis is largely an experimental field, computational modelling and simulation, as a complementary and supplementary tool, is a prominent field that is increasingly being re-cognized as important and essential in the study and development of catalytic systems [32] [33] [34] . A good model not only helps experi-mentalists to rationalize their results, but also assist to make predictions that challenge the capability of available experimental techniques in terms of the spatial, time and energy resolutions, and guides experimentalists to design new experiments [35] (G.A. Somorjai Y. L., Major successes of theory and experiment-combined studies in surface chemistry and heterogeneous catalysis). Our research group has pub-lished a number of experimental papers involving ODH of n-hexane and higher alkanes over VMgO catalysts [36] [37] [38] [39] . The relatively low yields of olefins and aromatics that were obtained in laboratory experiments necessitated this theoretical study. One of the aims of this work was to determine the most active O site, as either the vanadyl O or the bridging O, in n-hexane elementary oxidation reactions to hexenes. The merits of the oxidative dehydrogenation (ODH) conversion of inexpensive al-kanes to produce value added products, such as olefins and aromatics, represents the driving force that motivates the research for developing active and selective catalysts for this purpose [40] (E.A. Elkhalifa, Oxidative dehydrogenation and aromatization of n-octane over VMgO catalysts obtained by using diff erent MgO precursors and diff erent precursor treatments).
Our recent publication on the gas-phase non-catalytic ODH of n-hexane show that the rate-determining step is the abstraction of β-hy-drogen by molecular O2 [41] (N.E. Damoyi H. F.). We proposed that molecular O2 plays an important role in the radical propagation steps through the intermediates, to produce 1-and 2-hexene and the more reactive %OH and HO2 radicals. Since our present studies include both molecular O2 and isolated H3VO4, we therefore seek to compare the contribution of H3VO4 and O2 in the activation of n-hexane and radical propagation steps to produce 1-and 2-hexene. Although our modelling is an oversimplification of heterogeneous surface reactions because of the methodology followed, namely, gas-phase calculations on isolated active sites, we believe that the results will be essential in acquiring a theoretical baseline for future potential periodic-DFT calculations of this system. Furthermore, comparisons of the results with those ob-tained in our recent work [41] (N.E. Damoyi H.F.) on gas-phase non-catalytic ODH of n-hexane would be useful, since under certain ex-perimental conditions, gas-phase ODH mechanisms may compete with the catalytic ODH mechanisms. A second study that used a bigger model (H4V2O7 as catalyst) is being finalised for publication.
The activation energies ( E # ), electronic energy ( E) and Gibbs energy ( G) changes were calculated and these properties facilitate the elucidation of the likely intermediate species involved and the mechanistic pathways followed for the transformation of n-hexane to 1-and 2-hexene.
Theoretical methodology

Computational details
Gas-phase DFT calculations were performed using the Gaussian 09W package [42] (Frisch & et. al.) incorporating the Gausview 5.0 graphics interface. All calculations were performed on a cluster based at the Centre for High Performance Computing (CHPC) in Cape Town, South Africa. All the structures were optimized without constraints and the harmonic vibrational frequencies performed using the B3LYP hy-brid functional, which combines Becke's three-parameter nonlocal hy-brid exchange potential and the nonlocal correlation functional of Lee, Yang and Parr [43] (Becke), [44] (Lee, Yang, & Parr) . This functional is known to provide a good description of the potential energy surface (PES) of transition metal-containing compounds [45] [46] [47] . The 6-311 + g(d,p) basis set was employed for C, O and H atoms and the V atom described using the relativistic Stuttgart eff ective core potentials (ECPs) [ 
Reaction scheme for n-hexane to 2-hexene
The proposed reaction scheme for the catalytic (H3VO4) ODH re-action of n-hexane to 2-hexene is shown in Fig. 2 . Observations from our recent experimental results [56] (J. Chetty, accepted.), reflect that only 1-and 2-hexene (no 3-hexene) exist in equilibrium in the reactor over VMgO catalysts, as also suggested by Hoog et al. [57] (Hoog, Herheus, & Zuiderweg). Fig. 2 only indicates the pathway for formation of 2-hexene for clarity purposes.
The rate-determining step involves H-abstraction from the n-hexane chain by the vanadyl O atom in H3VO4, leading to a complex inter-mediate, C6H13HOH3VO3, and a new VeOeH bond. This is associated with the change in vanadium oxidation state from (V) in H3VO4 to (IV) in C6H13HOH3VO3. Two pathways that may lead to 2-hexene are (a) the gasphase γ-H abstraction, where the intermediate fragment (%C6H13 in C6H13HOH3VO3) may interact with gas-phase O2 to produce 2-hexene and a hydroperoxyl radical species (HO2%), and (b) γ-H abstraction by second H3VO4, where a vanadyl O atom abstracts the second γ-H atom to form 2-hexene and another VeOeH bond in HOH3VO3. Interaction between the two formed V(IV) species (HOH3VO3) may involve dis-proportionation through H-transfer from one entity to another to pro-duce H2O and regenerate V(V) as H3VO4 and also V(III) as H3VO3. The radical termination step may occur through disproportionation of the HO2% radicals, produced in pathway (a) above, into water and oxygen. Finally, the reoxidation of V(III) to V(V) may be achieved through the Mars-van Krevelen mechanism [24] (Mars & Van Krevelen) with surface O species.
Results
Activation of n-hexane
The main aim of this study was to characterize the most likely mechanistic steps associated with the interaction of n-hexane and the related intermediates with the model catalyst (H3VO4) and O2 under specific conditions in order to gain insight about the overall mechanism that is followed for the reaction.
The energy profile of the singlet PES for the interaction of n-hexane with H3VO4 at 673 K is displayed in Fig. 3 and all the energies are recorded in Table 1 . The CeH bond activation through H-abstraction by the vanadyl O (V]O) has been identified as the rate-determining step (RDS) for alkanes ODH to alkenes on V2O5 and supported vanadium oxide in several mechanistic studies [58] [59] [60] [61] . In our previous theore-tical work on the gas-phase noncatalytic ODH of n-hexane we con-cluded that the RDS is H-abstraction by on the partially reduced catalytic surface has been confirmed experimentally for both the unsupported and supported vanadia catalysts [63] [64] [65] Fig. 3 ), with the VeC bond, is unlikely to form because of its thermodynamic in-stability with E = +4.8 kcal/mol compared to Int1 ( E = −3.4 kcal/ mol), relative to TS1. Fig. 4 displays the propagation steps we explored that lead to 2- hexene. All the energies, including those for the 1-hexene pathway are recorded in Table 1 . The pathway coloured in red indicates the second Habstraction from the %C6H13 radical by the OH group within Int1 to produce 2-hexene, V(III) and H2O. The calculated barriers are respec-tively, +34.4
(TS2 - Fig. 4 ) and +40.3 kcal/mol (TS5) and the products stabilize to P1 with E = +5.0 and P4 = +24.3 kcal/mol for the for-mation of 2-and 1-hexene. In the ODH of n-propane, Hui et al. [64] (Hui Fu) reported reaction barriers (> 30 kcal/mol) for a similar pathway, namely, abstraction of the second H from the same O site as that of the first H abstraction, leading to formation of propene. The authors suggested that this pathway is likely to be hindered by high reaction barriers and they proposed that the second H-abstraction oc-curs on a diff erent O site. In light of this we explored the abstraction of the second H on a diff erent vanadyl O site, to produce 2-and 1-hexene.
The reaction equation for the pathway is: H3VO4 + %C6H13 = HOH3VO3 + C6H12. We calculated barriers of E # = +0.3 (TS3 - Fig. 4 ) and +0.8 kcal/mol (TS6) for this step and E = −33.5 (P3) and −30.8 kcal/mol (P6) for the formation of 2-and 1-hexene, respectively. Our results are in agreement with what was reported by Hui et al. Since gas phase O2 is another species present in the reaction mixture, we calculated the propagation pathway that involves H-ab-straction from %C6H13 by O2. Barrier-less TS4 (Fig. 4) and TS7 with the respective values of E # = −3.0 and −2.9 kcal/mol and E = −14.7 (P2) and −11.4 (P5) kcal/mol were calculated for 2-and 1-hexene. In all the above pathways, the formation of the olefins is accompanied by decrease in π-bond-forming CC bond lengths from ∼1.5 Å in %C6H13 to ∼1.4 Å in the transition state (TS) and ∼1.3 Å in the produced alkene.
Comparisons of energetics for the two likely steps for the second Habstraction, namely, either from a diff erent vanadyl O site ( E # = +0.3 kcal/mol and E = −33.5 kcal/mol) or from the gasphase O2 ( E # = −3.0 kcal/mol and E = −14.7 kcal/mol) for the formation of 2-hexene, indicate that gas phase H-abstraction is slightly more kinetically favourable (by −2.7 kcal/mol), albeit the products formed are less thermodynamically favourable by +18.8 kcal/mol. A relatively large amount of gas phase O2 in the experimental mixture coupled with low V(V)]O surface areas may lead to the domination of the gas-phase pathway, and the opposite may be true also. Our recent experimental results [56] (J. Chetty, accepted.) for the same catalytic system indicate an increase in selectivity to total dehydrogenation with increase in n-hexane to air ratio, suggesting that the surface site dehydrogenation reaction is likely to dominate the gas-phase dehydrogenation reaction. Our modelling results agree with these experi-mental findings as demonstrated by larger negative E value (−33.5 kcal/mol) for the vanadyl O site dehydrogenation reaction re-lative to the gas phase O2 E value (−14.7 kcal/mol). In our previous results on gas-phase ODH of n-hexane [41] (N.E. Damoyi H. F.), we found that the %C6H13 radical (Fig. 4) is not likely to undergo in-tramolecular H-elimination to produce 1-or 2-hexene and the H%ra-dical. This is because of the calculated barriers of E# = +38.2 and +36.3 kcal/mol and values of E = +39.5 and +36.5 kcal/mol for the formation of 1-and 2-hexene, respectively, confirming that the path-ways are kinetically and thermodynamically less feasible. However, chemisorption of the %C6H13 radical on the H3VO4 or O2, rather than H-abstraction, may produce more stable intermediates, C6H13VO4H3 and C6H13O2% respectively, with high barriers for releasing 2-hexene and thereby enabling side-reaction channels, such as complete oxidation to undesired carbon oxides and production of oxygenates [67] (Argyle M. D., Chen, Resini, Krebs, Bell, & Iglesia). Table 1 shows the calculated adsorption energies of the %C6H13 radical on to the O atoms in H3VO4 and O2 as E # = −4.9 (TS8) and +1.9 kcal/mol (TS9), and E = −46.0 (Int3) and −28.6 kcal/mol (Int4), respectively. Clearly, low barriers for both adsorption and H-abstraction processes coupled with large diff erences in the stabilities of the intermediates suggest that the adsorption and H-abstraction pathways are likely to be driven by thermodynamic terms. This may be the reason why, amongst other products, low yields of less than 20% for 1-and 2-hexene are obtained in our laboratory experiments.
Since the Int1 fragment, HOH3VO3, is not likely to be involved in the second H-abstraction, an accumulation of the OH groups on the surface is likely. Therefore, another pathway for H2O formation through the coupling of adjacent surface OH groups is feasible, as also suggested by Hui et al. [64] (Hui Fu) in the production of propene through ODH of propane. We therefore investigated the interaction energetics between two adjacent HOH3VO3 species. This reaction step pertains to H-transfer from one HOH3VO3 species to another to produce H2O, H3VO4 and H3VO3 and represents a disproportionation pathway from two V (IV) centres to produce V(III) and V(V) species, followed by reoxidation of the V(III) to V(V). We calculated an activation barrier with E # = +3.6 kcal/mol (TS10 - Fig. 5 ) and E = −5.9 kcal/mol (Int5) for this pathway and the stabilities of H2O and H3VO4 that are produced indicate that the pathway is kinetically and thermodynamically fa-vourable. Termination and reoxidation of H3VO3 to H3VO4 is likely to proceeds via a Mars-van Krevelen mechanism. We explored separately the adsorption of "surface O" and O2 on to the V(III) centre and cal-culated a barrier-less energy of activation, E # = −119.4 kcal/mol (TS11 - Fig. 5 ) for the O − species (NBO atomic charge = −0.860 - Table 2 ) and E = −239.7 kcal/mol (P7) for the formation of H3VO4. However, we could not determine the TS for reoxidation with molecular O2. If the formation of 2-hexene proceeds through gas-phase H-ab-straction by O2, then the termination step (Fig. 2) may involve dis-proportionation of the produced hydroperoxyl radical to produce H2O and O2, as recorded in Table 1 (TS12-TS14 ) and our previous calculations [41] (N.E. Damoyi H. F.). We believe that future periodic-DFT calculations that we will en-gage in for this system with a variety of oxide supports will assist in the modifications of the kinetic and thermodynamic terms and as a result reveal the best oxide support for the vanadium oxide catalyst. This is likely because the support may modify the activity of the vanadia monolayer by changing the activation energy of the potentially rate-determining step and aff ect the selectivity of the active vanadia phase by favouring the formation of the alkene compared to the formation of oxygenated products [30] (Alexopoulos, Reyniers, & Marin). The in-creased/decreased activity of the vanadia monolayer in H-abstraction is well explained by the increase of the chemical hardness above the va-nadyl oxygen (increased proton affinity) and of the Lewis acidity of vanadium (increased electron affinity) upon deposition of the vanadia monolayer on the support [68] (K. Alexopoulos), [69] (M. Calatayud).
Temperature eff ects
The laboratory experimental conditions with a temperature range of 573-773 K were included in modelling the reaction. Gibbs free energies of activation ( G # ) and Gibbs free energies ( G) were calculated for all the reaction pathways over the temperature range as indicated in Furthermore, at all tem-peratures the H contributions are the dominant factors to the G va-lues and are approximately two (2) times the magnitude values of T S. Therefore, the specified temperature range is likely to play a minimal role in the thermodynamic formation of Int1 in the rate-determining step. A similar trend is also observed in G values for all the propa-gation pathways where there are small diff erences in the thermo-dynamic factors at all temperatures.
Our group experimental results [56] (J. Chetty, accepted.) using the same catalyst system under similar conditions show that the total de-hydrogenation selectivity increases from 573 to 773 K. Our modelling results concur with experiments in that the formation of 1-and 2-hexene from ODH of n-hexane by H-abstraction with surface H3VO4, followed by the second H-abstraction from either a diff erent surface H3VO4 or from gas-phase O2, is likely to be relatively more kinetically favourable at 773 K and thermodynamically favourable at all the spe-cified temperatures.
3.3. Natural bond orbital analyses NBO calculations [52] (Carpenter & Weinhold), [53] (Carpenter & Weinhold, The structure of small molecules and ions) were conducted on the selected transition states of the most likely pathways at the B3LYP/6 − 311 + G(d,p) level. Fig. 6 displays the TSs and the asso-ciated highest occupied NBOs (HONBOs) representing the donor orbi-tals, and the lowest unoccupied NBOs (LUNBOs) representing acceptor orbitals. The calculation separates the system into a number of frag-ments based on largest interatomic distances. Electron density shifts are calculated within and amongst the fragments. The largest electron density shifts are estimated as delocalization with highest second order stabilization energies, E(2) values, which indicate regions of high ac-tivity in the system. For each TS, the atomic charges of the interacting atoms, the NBOs and the largest stabilization energies are recorded in Table 2 .
The rate-determining step (TS1) is associated with the H-abstraction by vanadyl O from the H3VO4 unit and the corresponding donor orbital is the Lewis-type highest occupied NBO (HONBO) that is a C s(7.2%) p (92.8%) hybrid-type character. The acceptor orbital is the non-Lewis-type lowest unoccupied NBO (LUNBO) that is H s-type character. The spatial orientation of the two interacting species facilitates maximum overlap of the orbitals. The stabilization energy involved with the transfer of electron density is +272.4 kcal/mol, indicating a strong Similar orbitals, atomic charges and comparable orbital stabilization energies were obtained for the 1-hexene pathways, as shown in Table 2 (TS3 for 2- hexene and TS6 for 1-hexene, TS4 for 2-hexene and TS7 for 1-hexene).
The donor-acceptor orbitals for the disproportionation pathway (Htransfer) of two HOH3VO3 to produce H2O, H3VO3 and H3VO4 (TS10) are O s(16.3%) p(83.7%) nonbonding hybrid and H s and O s(8.5%) p (91.5%) antibonding hybrid, respectively, with a stabilization energy of +35.4 kcal/mol. The positive charge is on the H atom (+0.500) and the charge on the O atom that releases the H atom is −0.650 and that on the O atom that receives the H atom is −0.926, indicating a stronger interaction between O and H leading to a new OH bond. Lastly, the calculated orbital stabilization energy for reoxidation of V(III) to V(V) through TS11 is +1.87 kcal/mol. Examination of the total electron distribution in the TS shows that there are also shifts of electron density 
Conclusions
DFT methods have been used to investigate the activity of the tet-rahedral monomeric H3VO4 structure for n-hexane ODH. From our calculations we have used kinetic and thermodynamic arguments combined with the NBO qualitative analyses in terms of atomic charges, HOMO and LUMO interactions/delocalisation that show the largest second order stabilization energies, E (2) (Fig. 3 ).
Propagation on a diff erent H3VO4 site:
%C6H13 + H3VO4 = C6H12 + HOH3VO3
The second γ-H abstraction from the %C6H13 radical produces 2-hexene and the second HOH3VO3 species. This step has E # = +0.3 kcal/mol (TS3) and the products stabilize to E = −33.5 kcal/mol, relative to separate reactants. The E # and E values suggests that the formation of 2-hexene is likely to pro-ceed on a diff erent H3VO4 site. This is because we calculated higher activation barriers ( E # > 30 kcal/mol) for the abstraction of the second H atom on the same V site as abstraction of the first H atom (Fig. 4) .
Propagation by O2:
%C6H13 + O2 = C6H12 + HO2%
In competition with the previous pathway for the second γ-H ab-straction from the %C6H13 radical, is the likely involvement of gas-phase O2, with the products being 2-hexene and the HO2%radical. This is a barrier-less step with E # = −3.0 kcal/mol (TS4) and E = −14.7 kcal/mol, relative to separate reactants (Fig. 4) .
Both the propagation pathways may lead to 2-hexene. The chosen pathway is likely to depend on the relative amount of gas-phase O2 and the surface area of H3VO4 sites at any given time.
Disproportionation:
HOH3VO3 + HOH3VO3 = H3VO3 + H3VO4 + H2O
If the formation of 2-hexene is achieved through propagation on a diff erent H3VO4 site, to also produce the HOH3VO3 species, then disproportionation of the two HOH3VO3 species would follow. This step has a barrier with E # = +3.6 kcal/mol (TS10) and a stabilization en-ergy of E = −9.5 kcal/mol, relative to TS, for the formation of the products (Fig. 5 ). (Table 1) .
Reoxidation and
A subsequent study that used a bigger model (H4V2O7 as catalyst) is being finalised for publication.
